Abstract. In this paper, a genetic algorithm-based (GA-based) proportional-integral-derivative (PID) controller as an active queue manager for Internet routers is proposed to reduce packet loss and improve network utilization in TCP/IP networks. Based on the window-based nonlinear dynamics, the TCP network was modeled as a time-delayed system with a saturated input due to the limitations of packet-dropping probability and the effects of propagation delays in TCP networks. An improved genetic algorithm is employed to derive optimal or near optimal PID control gains such that a performance index of integrated-absolute error (IAE) in terms of the error between the router queue length and the desired queue length is minimized. The performance of the proposed control scheme was evaluated in various network scenarios via a series of numerical simulations. The simulation results confirm that the proposed scheme outperforms other AQM schemes.
INTRODUCTION
Internet networks are a crucial part of many applications in science and engineering, such as Web servers, multimedia, and remote control. However, the unpredictable interference and the number of users has grown rapidly in current Internet environment, the congestion results in long time delays for data transmission and frequently makes the queue length in the buffer of intermediate router (switch) overflow, and can possibly even lead to network collapse. An active queue management (AQM) scheme is one of the efficient solutions that detects inceptive congestion and gives early notice of conditions of the information for current Internet situation by dropping (or marking) the incoming packets before router queues become full. Random early detection (RED) algorithm [1] , the earliest well-known AQM scheme, was proposed and introduced into the Internet routers for reducing the flow synchronization problem and calming the traffic load via the measurement of average queue length. Unfortunately, RED causes oscillations and instability due to the parameter variations. Therefore, some modified RED schemes have been introduced in the literature [2] [3] [4] [5] .
Proportional-integral-derivative (PID) feedback control is a practical and simple control approach for controller design. This approach has been used to design and analyze various presented AQM schemes in Internet congestion control. Based on the linearized fluid-based TCP/AQM model, a proportional-integral (PI) controller was developed in [6] to regulate the queue level, round-trip time, and packet loss. The virtual rate control (VRC) algorithm for AQM in TCP networks has been proposed in [7] . In [8] , a DC-AQM algorithm based on PID control was developed for large delay networks. Additionally, a saturated nonlinearity of the control input usually exists in this control problem due to the property of packet-dropping probability. Therefore, the effect of a saturated actuator should be considered; otherwise it can cause serious degradation and instability of the network with typically large-scale, complex systems.
In this paper, a PID controller for a time-delayed TCP system with input saturation is developed to achieve a stable and desired queue length, low packet loss, and high link utilization. Based on the improved GA search method, the efficient selection mechanism of the PID controller gains is proposed. Numerical simulations show that the proposed design have reliable stability and are robust against the variation of number of TCP sessions, the various RTT, bursting and unresponsive flows, etc.
The rest of this research is organized as follows. Section 2 describes the TCP model and the control objective. An improved GA-based PID controller design for AQM is illustrated in Section 3. Section 4 shows the results of simulations to demonstrate the performance of the proposed control scheme. Finally, brief conclusions are presented in Section 5. 
System description and problem formulation
A window-based nonlinear fluid-flow dynamic model for TCP network is used in this study. This model presents the coupled non-linear differential equations such that reflect the dynamics of TCP 
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The saturated input is expressed by the following nonlinearity: where the lower boundary and upper boundary are given as and
In this study, an improved GA-based PID controller is proposed to achieve the desired queue length efficiently and provide robust performance with delay effects and a saturated input. A PID controller generates the signal u , which is the control input in Eq. (2.a) to guarantee the stability of system (2).
Furthermore, the output error signal is defined as 
where is the proportional gain, and are the integral time and the derivative time constants, respectively. Similarly, Eq. (4) can be also rewritten as
where is the integral gain and is the derivative gain. In order to determine the optimal controller gains, the integral absolute error (IAE) is employed as the objective function (OF)
In the next section, an improved GA-based search method will be presented to determine the optimal PID controller gains, which minimize the objective function (6). 3. An improved genetic algorithm (GA) to solve the optimization problem GA is an artificial optimization scheme developed in analogy to natural evolution that performs an exploration of the search space. It has been considered as an accessible and effective technique for the global or near global optimization of complex functions. Therefore, an improved GA-based PID control scheme is proposed for the AQM to support the TCP with the optimal parameters such that the value of IAE in (6) is as minimal as possible. In other words, the objective function,
, is minimal. S s ∈ * 3.2. Optimization procedures The procedures of standard GA for solving the above optimization problem are given by [10] . For a maximization problem of the non-negative objective function ) (⋅ h , the fitness of a string is described as or equivalently for the minimization problem, . Strings with higher fitness values dominate the occupation of a roulette wheel due to the situation that simple mapping sometimes brings about premature convergence and duplications among strings in a population. Therefore, to improve this problem, the following modified fitness function which normalizes the fitness value of strings into a real number , is proposed.
where is the modified fitness value of string
denotes the fitness value of string ) (s f by Eq. (6); and present the maximum and minimum fitness values in a generation, respectively.
Traditionally, the parameters of GA are chosen by manually tuning for each search problem, as large values of crossover probability (0.6-0.9) and the small mutation probability (0.01-0.1) are frequently used in GA practice [11] . In fact, identifying optimal settings for and is a complex task. The adaptive genetic algorithm (AGA) scheme is proposed to adjust and via the value of at each generation by [12] , where However, both and are always zero when the solutions with the maximum fitness value occur. The best solution in a population will be inserted into the next generation and leads to chromosome evolution resulting in it being better suited to the application. Therefore, a new efficient scheme of and , to improve these problems, is proposed as follows: δ is a small constant value such that the first undefined terms of (10) and (11) are avoided. Meanwhile, we take the strategy of replacing the worst string of the new population with the best string of the current population as an elitism strategy. The steps of improved GA are described as follows:
Step 1: Generate an initial population with size N by randomly initializing each 3-dimensional solution string
, according to the quasi-random sequence (QRS) [13] .
Step 2: Calculate the fitness of each string of , where k denotes the number of the generation, and then find the best string of such that . If the best strings are not unique, then call any one of the best strings in as .
Step 3: Construct the mating pool. Calculate the parameters and by Eqs. (10) and (11). Perform crossover and mutation operations on the strings of the mating pool and obtain a population . Step 5: If the value of Eq. (6) converges to a minimum value, then is the optimum value and such that the performance the IAE of the system is as minimal as possible. Otherwise, return to Step2.
Simulation results
In this section, we illustrate the GA-PID controller design for TCP/AQM. For a TCP/IP network as given in Eq. (2), it is assumed that homogeneous TCP connections and shared one bottleneck link with a capacity of 10 Mbps, i.e.
(packets/second). Furthermore, the propagation delay of the bottle link capacity is , the desired queue size is 100 = N 1250 = C packets and, therefore,
. In the improved GA operation, the initial population is given by QRS, the constant parameters are set as 
. After a series of improved GA manipulations, the convergence curve of the IAE value versus iteration is described in Figure 1 and its final value is . Correspondingly, the GA-PID control gains are obtained as The performance and effectiveness such as high throughput, predictable delay and link utilization of the proposed GA-PID controller are verified in a series of numerical simulations using the NS-2 (Network Simulator-2) with the dumbbell network topology shown in Figure 2 . In this topology, the transport agent is based on TCP-Reno and multiple TCP connections share a single bottleneck link. Each link capacity as well as the propagation delay are also depicted in Figure 2 . It is supposed that the TCP sources send their data incessantly. Unless otherwise noted, the maximum buffer size of each router is set at 300 packets, where each packet has a size of 1000 bytes. The desired queue length q d is set to 150 packets. To demonstrate the robustness of the proposed AQM controller, we take into account the dynamic traffic changes, different RTTs, bursting and unresponsive flows, and multiple bottleneck links in the simulated network in further simulations. The simulation results for these conditions using the proposed control strategy are then compared with PI scheme [6] . The parameters of the PI controller are , , and Figure 4 shows the corresponding queue evolutions obtained under the various AQM schemes. It can be seen that PI controller is not robust with respect to variations in the load. Nevertheless, the proposed GA-PID is robust with respect to variations in the number of active connections.
C. Performance of short and long propagation delays
This simulation aims to investigate the robustness of the PI and GA-PID AQM schemes against variations of the RTT. We assumed a bandwidth of 10 Mbps and a short inherent propagation delay of 2 ms in the links from the sources to R1 and in the links from R2 to the destinations. There exists a bandwidth of 10 Mbps and an inherent propagation delay of 10 ms between R1 and R2. The responses of the queue length obtained with the PI and GA-PID AQM schemes are shown in Figure 5 . The effect of a long inherent propagation delay is also considered, where the TCP sources and destinations are linked to R1 and R2 with a bandwidth of 10 Mbps and an inherent propagation delay of 20 ms. An inherent propagation delay of 140 ms between R1 and R2 is chosen in this case. The responses of the queue length obtained with the PI and GA-PID AQM schemes are shown in Figure 6 . From Figures 5  and 6 , it can be observed that the proposed GA-PID scheme exhibits better performance with respect to queue regulation and expeditious response on different propagation delays. Even though PI has no steady-state error, but the transient responses are too sluggish.
D. Performance of Multiple Links
Finally, we consider a network topology with multiple bottleneck links as shown in Figure 7 . In this case, there are 300 TCP-Reno connections with the senders shown at the left-and right-hand sides, and 50 connections for each cross-traffic sender-receiver pair. The maximum buffer of each router is 200 packets; the bandwidth and propagation delay of each link are also indicated in Figure 7 . Note that link 1-2 and link 5-6 are almost empty, indicating that these two links are not bottleneck links. Another situation can also be found in links 2-3 and 4-5, which operate in a similar fashion. The responses of the queue lengths for link 2-3 and link 3-4 are depicted in Figures 8 and 9 , respectively.
From the above various simulations, it can be evidently observed that the performance and robustness of the proposed GA-PID AQM controller are better than PI controller. The proposed controller can be applied to more complex network topologies.
Conclusions
In this paper, a GA-based PID controller for AQM is proposed to ensure both high utilization and low packet loss rate by regulating the queue length in an Internet router. Based on the improved genetic algorithm, a simple and successful PID controller has been presented. Numerical simulations have been performed to evaluate the performance of the proposed AQM congestion control schemes in various network scenarios.
